1. Prevalence {#sec1}
=============

The coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). COVID-19 was initially contracted in Wuhan, China, in December 2019 and has since spread globally. On March 11, 2020, the World Health Organization (WHO) declared COVID-19 as a pandemic. COVID-19 is a rapidly developing crisis that is having a detrimental impact on available resources, with cases continuing to increase daily. As of May 26, 2020, there are 5.6 million reported cases and 350,000 deaths in over 200 countries. Global efforts have been directed towards containing and reducing further spread of the virus.

2. Epidemiology {#sec2}
===============

As of May 26, 2020, there are 1,843,581 confirmed cases of COVID-19 in Europe and over 168,308 deaths, which represents 9.1% of all confirmed cases. The first COVID-19 case in Europe was reported in France on January 25, 2020. Following this, the number of cases increased drastically in many European countries, particularly in Russia, United Kingdom, Spain, and Italy ("Coronavirus cases in Europe, by country [@bib35] \| Statista,"). The World Health Organization (WHO) began to consider Europe as the epicentre of the pandemic on March 13, 2020, as the number of new cases surpassed those in China ("World Health Organization COVID-19 Update March 13, [@bib78],"). The pandemic has resulted in varying degrees of healthcare system burden, specifically intensive care units, with some countries experiencing significant barriers to treating positive patients in a timely manner ("Epidemiological summary of COVID-19 cases in Canada - Canada.ca,").

3. History of coronaviruses {#sec3}
===========================

Coronaviruses belong to a large family of viruses called *Coronaviridae*. Several members of this family continually circulate among the human population and commonly target the upper-respiratory system, resulting in mild to moderate symptoms, such as the common cold. Conversely, some coronaviruses are capable of causing more severe illness, which may result in death. Severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) are transmitted from animal to human hosts and are known to cause severe illness in humans. The mortality rate of SARS-CoV and MERS-CoV are 10% and 27%, respectively ([@bib16], [@bib15]). SARS-CoV was first identified in Asia in February of 2003, and quickly resulted in a global outbreak that was associated with 8098 cases and 774 deaths ([@bib12]). SARS-CoV spreads either through close contact with SARS-infected individuals or by direct contact with the respiratory secretions and body fluids of an infected individual. It was understood that infected individuals were not contagious until the onset of symptoms. As such, contact tracing during the SARS-CoV outbreak was highly effective. The severity of symptoms made it easier to identify and contain the virus. The transmission of MERS-CoV is similar to that of SARS-CoV, but MERS-CoV is not spread as readily as SARS-CoV. The outbreak of MERS-CoV occurred in 2012, with the majority of cases in the Middle East. In comparison to SARS-CoV and MERS-CoV, COVID-19 appears to be much more contagious but less lethal, as the majority of patients present with mild symptoms and a good prognosis. The resulting high transmissibility of COVID-19 poses a unique challenge for public health officials to effectively contact trace and resolve the ongoing crisis.

4. Transmission {#sec4}
===============

COVID-19 has the ability to spread through respiratory droplets during close contact due to its predominance in the upper respiratory tract. It is possible to acquire COVID-19 when in close proximity to an infected individual who coughs, sneezes, or even talks. Following the initial exposure, it may take up to 14 days before an individual develops symptoms. The median time from exposure to symptom onset has been reported to be four to five days ([@bib13]). Additionally, over 80% of infected individuals are asymptomatic or have mild symptoms ([@bib79]). Asymptomatic and pre-symptomatic individuals are capable of unknowingly spreading the virus, although the risk of transmission is the highest in symptomatic patients due to viral shedding ([@bib13]). As the majority of mild or symptomatic cases often go unreported, it is difficult for communities to contain high risk areas. Management guidelines have recommended frequent hand washing, avoidance of direct contact, as well as stay-at-home and physical distancing orders to help slow the spread of the virus.

5. Clinical presentation {#sec5}
========================

COVID-19 has a wide spectrum of clinical presentations. The most commonly reported symptoms of COVID-19 include fever, dry cough, headaches, weakness, and shortness of breath ([@bib71]). Other non-specific symptoms include sore throat, dysgeusia, poor appetite, nasal congestion, and diarrhea ([@bib32]). Although most infections are self-limited, approximately 15% of infected individuals develop respiratory symptoms that require supplemental oxygen. Moreover, an additional 5% require advanced ventilator support due to hypoxemic respiratory failure, acute respiratory distress syndrome (ARDS), and multiorgan failure ([@bib76], [@bib77]). While symptoms of COVID-19 are predominantly respiratory, direct or indirect involvement of other organ systems is common, such as neurologic symptoms and cardiac damage ([@bib32]; [@bib79]). Furthermore, individuals with pre-existing comorbidities such as cardiovascular dysfunction, respiratory disease, or diabetes may experience more severe symptoms of COVID-19. Significant respiratory symptoms ensue that may lead to ARDS and death ([@bib79]).

6. Susceptible populations {#sec6}
==========================

Although all humans are capable of contracting COVID-19, select populations are at higher risk of developing more severe outcomes. It is estimated that 13.4% of patients ages 80 and older will die of COVID-19, compared to 1.25% and 0.3% of patients in their 50s and 40s, respectively ([@bib75]). Increased susceptibility may be due to comorbidities and a weakened immune system, permitting faster progression of viral infection ([@bib62]). With one of the oldest populations in Europe, Italy has seen the largest number of outbreaks in long-term care facilities and nursing homes. In Italy, COVID-19 patients 60 years or older make up 95.4% of deaths related to COVID-19 ("Italy: coronavirus deaths by age \| Statista," 2020). Individuals with underlying medical conditions such as cardiovascular disease, hypertension, diabetes, chronic respiratory diseases, cancer, and chronic kidney disease, are also at increased risk of fatal outcomes. Immunocompromised hosts, either from pre-existing conditions or medical treatments (e.g. HIV or chemotherapy), have a reduced ability to resolve viral infections, making these patients more vulnerable to severe consequences of COVID-19. It is important to note that severe illness attributable to COVID-19 can occur in people with no known risk factors, albeit at a lower rate.

7. Mechanisms of disease {#sec7}
========================

Understanding the mechanism of transmissibility and pathogenesis of SARS-CoV-2 allows researchers to identify targets for novel therapeutic agents to prevent or treat the disease. SARS-CoV-2 is a single-stranded RNA-enveloped virus ([@bib67]). Its entry into host cells is dependent on binding of its structural spike (S) protein to host cell receptors and S-protein priming via host cell proteases ([@bib34]). The primary target is human lung epithelial cells ([@bib62]). SARS-CoV-2 binds to angiotensin converting enzyme 2 (ACE2) receptors on the surface of human cells through its S-protein and, following this initial binding, 2 transmembrane serine protease (TMPRSS2) primes the S-protein, facilitating viral entry into the cell through endosomes ([Fig. 1](#fig1){ref-type="fig"} *.*) ([@bib32]; [@bib34]). Once the virus has entered the human cell, it is capable of hijacking the host cell\'s machinery to undergo viral replication ([@bib79]). The binding of S-proteins to ACE2 receptors is a critical step required for viral entry and is a potential target for COVID-19 pharmacotherapy that is being studied vigourously ([@bib30]). Additionally, sequencing of the viral genome of SARS-CoV-2 has created opportunity for diagnostic testing, with hopes of developing effective preventive and therapeutic strategies ([@bib67]). Researchers have discovered that the genome of SARS-CoV-2 is 76.6% similar to SARS-CoV ([@bib79]). Although similar, subtle genetic differences may translate to significant differences in infectivity and severity.Fig. 1Mechanisms of Severe Acute Respiratory Syndrome Coronavirus 2 infection cycle and various drug candidates for treatment of COVID-19. SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; S protein: Spike protein; TMPRSS2: 2 transmembrane serine protease; ACE2: Angiotensin converting enzyme 2; IL-6: Interleukin 6; RNA: Ribonucleic acid; IFNAR: Interferon-α/β receptor; ISGs: Interferon-stimulated genes; P: Phosphorus; STAT1: Signal transducer and activator of transcription 1.Fig. 1

7.1. Cytokine storm {#sec7.1}
-------------------

Cytokine storm is an aberrant host immune response characterized by high concentrations of pro-inflammatory cytokines and chemokines, such as tumour necrosis factor-α (TNF-α) and various interleukins (IL), including IL-1 and IL-6 ([@bib42]). TNF- α and IL-1 suppress endogenous anticoagulant pathways, while IL-6 aids in coagulation activation and thrombin generation ([@bib42]). The excessive release of cytokines results in excessive inflammation, contributing to the severity and pathogenesis of COVID-19.

There have been reports of cytokine storm associated hypercoagulopathy in patients with severe COVID-19. Characteristic findings include increased D-dimer concentration, prolonged prothrombin time, increased fibrin degradation products, and thrombocytopenia. Cohort studies have shown a 31% incidence of venous and arterial thrombotic complications, with the most common being potentially life-threatening pulmonary embolisms ([@bib33]; [@bib38]; [@bib42]). Although the pathogenesis of COVID-19-associated hypercoagulability is still unknown, systemic inflammation and hypoxia secondary to COVID-19 may increase inflammatory cytokine levels and subsequent coagulation pathway activation ("Antithrombotic Therapy Coronavirus Disease COVID-19," [@bib13]).

8. Pharmacotherapy {#sec8}
==================

Identifying a drug that slows or kills SARS-CoV-2 requires a multi-factorial approach. Successfully implemented pharmacotherapy has the potential to save severely ill COVID-19 patients and ease the burden of the pandemic on healthcare systems. Prophylactic treatment has been suggested, particularity to frontline workers and those at higher risk of susceptibility ([@bib40]). As the detrimental consequences of COVID-19 continue to impact nations globally, the need for a safe and effective treatment is paramount. Currently, there is no vaccine or specific therapeutic drug to treat COVID-19, others than supportive care. Pharmacotherapy has been aimed at alleviating symptoms, combined with various attempts to prevent the spread and complications of COVID-19. At present, repurposing of available medications has been the standard of care for treatment of SARS-CoV-2 patients ([@bib40]). This includes unapproved agents that have demonstrated *in vitro* activity against SARS-CoV and MERS-CoV. Furthermore, many clinical trials are rapidly underway to develop potential therapeutic agents and vaccines ([@bib2]; [@bib20]; [@bib25]; [@bib43]; [@bib84]).

8.1. Anti-viral agents {#sec8.1}
----------------------

### 8.1.1. Remdesivir {#sec8.1.1}

Remdesivir was first developed during the peak of the Ebola virus outbreak in 2016, and has been shown to be the most promising therapy in treating COVID-19 ([@bib39]; [@bib67]). It is a broad-spectrum anti-viral agent that acts as an inhibitor of RNA-dependent RNA polymerase, an enzyme needed for viral replication ([Fig. 1](#fig1){ref-type="fig"}.) ([@bib40]). Although Remdesivir failed in clinical trials for treatment of Ebola in 2014, it is understood to be a safe drug. Similar to the doses used in the clinical trials to treat Ebola, remdesivir is administered as a 200 mg loading dose on day 1, followed by a daily 100 mg IV dose for nine days ([Table 2](#tbl2){ref-type="table"}).

The first randomized, placebo-controlled clinical trial by the National Institute of Allergy and Infectious Diseases (NIAID) demonstrated a significantly faster recovery time of 11 days (31% improvement) for 1000 COVID-19 patients taking remdesivir, compared to 15 days in the placebo arm. However, there was no significant difference identified in the number of deaths between participants who received remdesivir versus those who did not. The mortality rate was 8% for patients receiving remdesivir compared to 11.6% in the control group ("Adaptive COVID-19 Treatment Trial (ACTT) [ClinicalTrials.gov](http://ClinicalTrials.gov){#intref0010}," [@bib1], "NIH Clinical Trial Shows Remdesivir Accelerates Recovery from Advanced COVID-19," [@bib54]; [@bib41]). Gilead Sciences of Foster City, California, the developers of remdesivir, released the results of a randomized, multicenter phase III clinical study on April 29, 2020 that evaluated the safety, efficacy, and optimal treatment duration of remdesivir to treat severe COVID-19. Researchers employed a 5-day dosing regimen compared to a 10-day regimen. Data revealed that patients receiving a 10-day course had similar clinical improvement compared to patients receiving the 5-day treatment course (OR = 0.75). This trial had an "open label" study design, meaning a placebo was not in place ([@bib41]). A second study by Gilead is evaluating remdesivir administration compared with standard of care, with results expected at the end of May ("Remdesivir Clinical Trials," [@bib58]). A randomized, double-blind, placebo-controlled multicentre phase III trial was conducted in China to evaluate the efficacy of remdesivir ("A Trial of Remdesivir in Adults With Severe COVID-19 [ClinicalTrials.gov](http://ClinicalTrials.gov){#intref0015}," [@bib73]; [@bib39]). Severely ill COVID-19 patients (n = 237) were enrolled, and 158 were administered remdesivir while 79 were given placebo. Clinical improvements were defined as time to improvement ([@bib77], [@bib76]). Statistically significant clinical improvements were not observed for patients taking remdesivir. The trial was ended prematurely due to lack of patient enrollment, as China\'s new case rate has dropped significantly.

Despite conflicting clinical results, the US Food and Drug Administration (FDA) approved an 'emergency use authorization' for hospital intravenous administration of Remdesivir to patients with severe COVID-19 on May 1, 2020 ([@bib41]).

Various clinical trials have reported serious adverse effects following administration of remdesivir, such as hepatoxicity ([Table 1](#tbl1){ref-type="table"} ) ("Lexicomp for Dentistry,"). Additionally, over 10% of patients experienced nausea and acute respiratory failure in the Gilead clinical trial.Table 1Review of proposed pharmacological agents to treat COVID-19 ("Lexicomp for Dentistry," 2020, "UpToDate," 2020.; [@bib64]; [@bib67]; [@bib74]; [@bib82]).Table 1DrugMechanism of actionAdverse drug reactionsDrug interactions**ANTI-VIRAL AGENTSRemdesivir**RNA-dependent RNA polymerase inhibitorGastrointestinal disturbances (nausea, vomiting), aminotransferase elevations, infusion related reaction (hypotension, diaphoresis, shivering)-CYP3A4 inducers decrease effectiveness**Ribavirin**RNA-dependent RNA polymerase inhibitorHemolytic anemia (may lead to death in cardiac patients), alopecia, abdominal pain, anemia, hyperbilirubinemia, arthralgia-Decreases therapeutic effect of cladribine-May enhance toxic effect of didanosine**Lopinavir-ritonavir (Kaletra)**3CL protease inhibitorGastrointestinal disturbances (nausea, vomiting, diarrhea), transaminase elevations, increased bleeding, hyperlipidemia, hyperglycemia, insulin resistance, QT prolongation, possible risk of renal dysfunction-CYP3A4 inhibitor and substrate-CYP2D6 substrate**Favipiravir**RNA-dependent RNA polymerase inhibitorGastrointestinal disturbances (nausea, vomiting diarrhea), hyperuricemia, elevated transaminases, decreased neutrophil count-CYP2C8 and aldehyde oxidase inhibitor; metabolized by aldehyde oxidase and xanthine oxidase-May enhance toxic effect of pyrazinamide**Chloroquine (Aralen)**Viral entry inhibitorGastrointestinal disturbances (nausea, vomiting, diarrhea), headache, anorexia, bitter taste, QT prolongation, Torsades de Pointes, arrhythmia, agranulocytosis, seizures\
rare renal toxicity-Decreased metabolism of β-blockers-increased risk of QT prolongation with other QT prolongation agents-CYP2D6 and CYP3A4 substrate-May increase digoxin levels**Hydroxychloroquine (Plaquenil)**Viral entry inhibitorGastrointestinal disturbances (nausea, vomiting, diarrhea), QT prolongation,\
hypoglycemia, neuropsychiatric effects, agranulocytosis,\
seizures, retinopathy-Decreased metabolism of β-blockers-increased risk of QT prolongation with other QT prolongation agents-CYP2D6, CYP3A4, CYP3A5, and CYP2C8 substrate-May increase digoxin levels-Increased risk of hypoglycemia with blood glucose-lowering agents**Oseltamivir**Neuraminidase inhibitorGastrointestinal disturbances (nausea, vomiting), headache, arrhythmia, hepatitis, anaphylaxis-Dichlorphenamide increases serum concentration-Probenecid increases serum concentration**Umifenovir (Arbidol)**Spike protein/ACE2 membrane fusion inhibitorGastrointestinal disturbances, allergic reaction, elevated transaminases-Metabolized by CYP3A4; monitor strong inducers/inhibitors of CYP3A4**IMMUNOMODULATORY AGENTSTocilizumab (Actemra)**IL-6 inhibitorInfusion reactions, GI perforation, increased neutrophils, decreased platelets, neutropenia, elevated ALT, increased lipids-Increases CYP450 enzyme activity, decreasing level of substrates**Interferons**\
**(ex. IFNα and IFNβ)**Activate interferon-stimulated genes (ISGs):-interfere with viral replication-immunomodulatory effectsMalaise, fatigue, fever-Decrease effects of BCG-Enhance effects of telbivudine, zidovudine-Increased effects with cladribine, dipyrone***Avoid combinations above*ADJUNCTIVE AGENTSAzithromycin**Antibacterial; used in combination with hydroxychloroquine for synergistic antiviral effectGastrointestinal disturbances, rash, QT prolongation, hepatotoxicity-Increased risk of QT prolongation with other QT prolongation agents-May increase effect of warfarin-Increased concentration of CYP3A4 substrates**Corticosteroids**\
**(ex. Methylprednisolone)**Cytokine gene expression inhibitorAdrenal suppression, osteoporosis, hypercholesterolemia, hyperglycemia, hypertension-Corticosteroids decrease effects of aldesleukin, BCG, mifamurtide, macimorelin-Corticosteroids enhance effects of desmopressin (Noctiva), upadacitinib, natalizumab-Increased corticosteroid effects with cladribine, tacrolimus, pimecrolimus, idelalisib, conivaptan-Decreased corticosteroid effects with mifepristone***Avoid combinations above*MISCELLANEOUS AGENTSCamostat mesylate**Serine protease inhibitorOedema, urticaria, elevated peripheral blood eosinophiliaMinimal information available due to studies published in Japanese**ACE inhibitor/ARB**ACE inhibitor; inhibit formation of angiotensin II\
ARB; angiotensin II receptor antagonistACE inhibitor; dry cough, hyperkalemia, hypotension, dizziness, orthostatic hypotension, acute renal failure, skin rash, dysgeusia\
ARB; hypotension, dizziness, fatigue, orthostatic hypotensionACE inhibitor; Non-steroidal anti-inflammatory drugs (NSAIDs), diuretics, allopurinol, α-blockers, agents that act to increase serum potassium\
ARB; Non-steroidal anti-inflammatory drugs (NSAIDs)[^1]

### 8.1.2. Ribavirin {#sec8.1.2}

Ribavirin is a guanine analogue that inhibits viral RNA-dependent RNA polymerase **(** [Fig. 1](#fig1){ref-type="fig"} ***.*)**. Its limited ability to establish a definitive therapeutic benefit during the 2003 SARS-CoV and 2012 MERS-CoV outbreaks have led to its lower levels of clinical testing during COVID-19 ([@bib37]). *In vitro* data is available that investigated the effects of ~ribavirin~ on COVID-19. Unfortunately, these results have yielded inconclusive benefits ([@bib7]). The half-maximal effective concentration (EC~50)\ of\ ribavirin\ was\ found\ to\ be\ significantly\ higher\ than\ remdesivir\ and\ chloroquine\ (~EC~50=\ 109.50~μM, EC~50=0.77~μM, EC~50=1.13~μM, respectively). The researchers concluded a decreased *in vitro* potency of ribavirin compared to its comparative therapeutic agents ([@bib77], [@bib76]). Furthermore, clinical studies of ribavirin for treatment of SARS-CoV have shown dose-dependent adverse drug reactions, including hematologic and liver toxicity ([Table 1](#tbl1){ref-type="table"}) ([@bib67]). This inconclusive research suggests that ribavirin has limited value in serving as a therapeutic agent against COVID-19. If used, combination therapy, such as with interferon-α or lopinavir-ritonavir, may provide improved clinical efficacy ([@bib67]; [@bib82]; [@bib85]).

### 8.1.3. Lopinavir-ritonavir (Kaletra) {#sec8.1.3}

Lopinavir-ritonavir is used as antiretroviral combination therapy to manage HIV positive patients. Lopinavir inhibits the HIV protease, an enzyme required for new viral assembly **(** [Fig. 1](#fig1){ref-type="fig"} **.)**. Due to its poor oral bioavailability and extensive biotransformation, lopinavir is co-administered with ritonavir in order to prolong levels in the human body and enhance its exposure ([Table 2](#tbl2){ref-type="table"} ) ([@bib40]; [@bib51]).Table 2Dosing regimens of potential pharmacological agents for treatment of COVID-19.Table 2DrugAdministrationDosageApproved indication(s)**Remdesivir**IV10 day administration; day 1 200 mg QD loading dose, followed by 100 mg QDNone**Ribavirin**Oral500 mg BID or TID in combination with IFN-α or lopinavir/ritonavirRSV infection, hepatitis C, bunyavirus, herpesvirus, adenovirus, poxvirus, and some viral hemorrhagic fevers**Lopinavir-ritonavir**\
**(Kaletra)**Oral400mg/100 mg BID for up to 14 daysHIV**Favipiravir**Oral600 mg BIDInfluenza A and B, Ebola virus, Norovirus**Chloroquine**\
**(Aralen)**Oral500 mg orally QD or BID for 5--10 daysSystemic lupus erythematosus (SLW), rheumatoid arthritis (RA), malaria**Hydroxychloroquine**\
**(Plaquenil)**OralDay 1 400 mg BID, followed by 200 mg BID for 5--10 days\
Alternative: 200 mg TID for 10 days or 400 mg QD for 5 daysSystemic lupus erythematosus (SLW), rheumatoid arthritis (RA), malaria**Oseltamivir**Oral75 mg QDInfluenza A and B**Umifenovir (Arbidol)**Oral200 mg TID for 7--14 daysInfluenza A and B[^2]

Current available data suggests a limited role of lopinavir-ritonavir in treatment of COVID-19. In a randomized controlled, open-label trial conducted by Cao et al., there was no benefit observed in COVID-19 patients receiving lopinavir-ritonavir compared to the standard care. The lopinavir-ritonavir group demonstrated similar mortality rates (19.2%) compared to the standard of care group (25%) ([@bib11]). Additionally, a single-center controlled trial conducted in China showed that lopinavir-ritonavir monotherapy did not improve clinical outcomes for hospitalized patients with mild to moderate COVID-19 compared to standard of care ([@bib44]).

The most common adverse effect of lopinavir-ritonavir includes gastrointestinal disturbance (up to 28%), most notably diarrhea and nausea. Hepatotoxicity (2--10%) has also been observed ([Table 1](#tbl1){ref-type="table"}) ([@bib67]; [@bib79]). In order to improve drug tolerability, reducing the current doses ([Table 2](#tbl2){ref-type="table"}) from twice daily to once daily has been suggested ([@bib5]). The addition of interferon β-1a to lopinavir-ritonavir has also been initiated in clinical trials ([@bib40]; [@bib51]).

### 8.1.4. Favipiravir {#sec8.1.4}

Favipiravir was developed by Toyama Chemical in Japan in 2014. Favipiravir acts as a selective inhibitor of RNA-dependent RNA polymerase **(** [Fig. 1](#fig1){ref-type="fig"} ***.*)** ([@bib18]). It is approved in some countries to treat influenza, Ebola, and norovirus ([@bib51]; [@bib79]). Preliminary clinical results indicate that favipiravir shows significantly greater improvement in chest imaging in COVID-19 patients compared to lopinavir-ritonavir (91.4% improvement with favipiravir, 62.2% improvement with lopinavir-ritonavir). Faster viral clearance (4 days versus 11 days) and fewer adverse events (11.4% versus 55.6%) were also observed in patients administered favipiravir compared to those taking lopinavir-ritonavir ([@bib10]). A prospective randomized clinical trial conducted in China supports these results, demonstrating a significantly greater recovery rate in non-critical COVID-19 patients receiving favipiravir compared to umifenovir (71.4% versus 55.9%). In COVID-19 patients receiving favipiravir, fever, cough, and respiratory problems were reduced. It is important to note that this effect was not significant among critically ill COVID-19 patients (C. Chen et al., 2020). These early results have led to further trials on the efficacy of favipiravir. Currently, favipiravir is being sent to 43 countries for clinical trial testing in COVID-19 patients.

### 8.1.5. Chloroquine (Aralen) and hydroxychloroquine (Plaquenil) {#sec8.1.5}

Chloroquine and hydroxychloroquine are indicated for treatment of inflammatory diseases such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA), as well as prevention and treatment of malaria ([@bib67]). These agents act to decrease the acidity in endosomes, inhibiting viral fusion and subsequent entry inside of the cell **(** [Fig. 1](#fig1){ref-type="fig"} ***.*)** ([@bib32]). The hydroxyl group found in hydroxychloroquine results in less toxicity than chloroquine, while maintaining similar anti-viral activity ([@bib79]).

Early studies attracted widespread attention into the potential benefits of these pharmacological agents for treating COVID-19 patients, despite limited and inconclusive evidence. On March 28, 2020, the FDA issued the emergency use of chloroquine and hydroxychloroquine for patients hospitalized with COVID-19 ([@bib49]). However, the FDA has since revoked its emergency use, as more recent findings have concluded that chloroquine and hydroxychloroquine have no benefit for treatment of COVID-19. The FDA does not recommend using these agents in hospitalized COVID-19 patients ("FDA cautions against use of hydroxychloroquine or chloroquine for COVID-19 outside of the hospital setting or a clinical trial due to risk of heart rhythm problems \| [@bib27]). Previous findings of the suggested dosing regimens for chloroquine and hydroxychloroquine displayed in [Table 2](#tbl2){ref-type="table"} have more recently shown to have no anti-viral effect against COVID-19 ("FDA cautions against use of hydroxychloroquine or chloroquine for COVID-19 outside of the hospital setting or a clinical trial due to risk of heart rhythm problems \| FDA," 2020). A recent randomized clinical trial compared 1542 patients who were given hydroxychloroquine to 3132 patients that received usual care alone. Results showed no significant difference in mortality rate (25.7% versus 23.5%) after 28 days ("No clinical benefit from use of hydroxychloroquine in hospitalized patients with COVID-19 --- RECOVERY Trial," [@bib55]). An observational study of hydroxychloroquine was conducted at a large medical center in New York City, consisting of 1376 patients. Hydroxychloroquine (600 mg BID on day 1, followed by 400 mg QD for a median of 5 days) was administered to 811 patients. In these patients, 25.1% of cases resulted in intubation or death, revealing no added risk nor benefit of hydroxychloroquine administration ([@bib28]).

**The FDA has issued a safety warning regarding the use of chloroquine and hydroxychloroquine for COVID-19, as there have been reports of serious heart rhythm problems ("FDA cautions against use of hydroxychloroquine or chloroquine for COVID-19 outside of the hospital setting or a clinical trial due to risk of heart rhythm problems \| FDA," 2020).** Many participants receiving pharmacological treatment for COVID-19 have shown severe cardiac side effects, including QT prolongation, Torsade de Pointes, and arrhythmia ([Table 1](#tbl1){ref-type="table"}) ([@bib4]; [@bib7]; [@bib36]; [@bib60]; [@bib67]). This raises concerns as patients with cardiovascular comorbidities are already at higher risk of severe COVID-19 complications. This risk is then compounded by administration of potential COVID-19 therapeutic agents, increasing the risk of cardiac death ([@bib36]; [@bib40]). Additional side effects documented include hepatitis, acute pancreatitis, neutropenia, and anaphylaxis ([Table 1](#tbl1){ref-type="table"}) ([@bib36]).

### 8.1.6. Oseltamivir {#sec8.1.6}

Oseltamivir is a neuraminidase inhibitor approved for the treatment of influenza A and B ([@bib67]; [@bib79]). Current research has indicated that oseltamivir is not effective for management of COVID-19, and is not recommended at this time ([@bib82]).

### 8.1.7. Umifenovir (arbidol) {#sec8.1.7}

Umifenovir inhibits membrane fusion of the viral envelope by targeting the interaction between viral S-proteins and ACE2 receptors **(** [Fig. 1](#fig1){ref-type="fig"} **.)**. In Russia and China, umifenovir is approved for prophylaxis and treatment of influenza A and B ([@bib67]; [@bib79]). Furthermore, it has demonstrated *in vitro* broad-spectrum antiviral activity against the Ebola virus, hepatitis C virus, hepatitis B virus, Lassa virus, human herpesvirus 8, and poliovirus ([@bib51]).

Outcomes have been reported from a single-center, retrospective cohort study of 16 COVID-19 patients who either received umifenovir and lopinavir-ritonavir or lopinavir-ritonavir monotherapy. After 14 days of administration, SARS-CoV-2 was undetectable by RT-PCR in 94% of the umifenovir-treated patients compared to 53% in the control group. The umifenovir experimental group also demonstrated chest improvement, evaluated by CT scans (69% compared to 29% in lopinavir-ritonavir monotherapy) ([@bib22]). A similar retrospective study conducted in February 2020 in Changzhou and Wuhu, China, showed undetectable viral loads in all 16 patients taking umifenovir (200 mg TID), compared to a 44.1% viral load detection in patients given lopinavir-ritonavir monotherapy (400mg/100 mg BID) ([@bib88]). This suggests that umifenovir may be more efficacious than lopinavir-ritonavir in treating COVID-19. However, a retrospective study conducted by Lian et al. reported no improved outcomes with use of umifenovir in non-intensive care unit patients ([@bib45]). The current data for umifenovir\'s role in COVID-19 treatment is inconclusive. Prospective, multicenter studies with larger sample sizes are needed to better determine its efficacy.

8.2. Immunomodulatory agents {#sec8.2}
----------------------------

COVID-19 induces the release of pro-inflammatory cytokines, primarily IL-1β and IL-6, which mediate lung and tissue inflammation, fever, and fibrosis. Many inflammatory diseases, including viral infections, have been shown to benefit from suppression of IL-1β and IL-6 ([@bib17]). Recent studies have consistently found high levels of IL-6 and other pro-inflammatory cytokines in COVID-19 patients. Furthermore, high levels of IL-6 were found to be the main cause of cytokine storm ([@bib83], [@bib84]; S. [@bib83], [@bib84]). Suppression of these pro-inflammatory cytokines may provide a therapeutic effect for treatment of cytokine storm induced by COVID-19 ([@bib17]).

### 8.2.1. Tocilizumab (Actemra) {#sec8.2.1}

Tocilizumab is a recombinant humanized anti-human IL-6 receptor monoclonal antibody that binds to the IL-6 receptor with high affinity **(** [Fig. 1](#fig1){ref-type="fig"} **.)**. It is approved for treatment of cytokine release syndrome (CRS), rheumatic arthritis, and systemic juvenile idiopathic arthritis ([@bib79]; C. [@bib83], [@bib84]). At present, there is insufficient data to recommend either for or against its use in treating COVID-19. Retrospective studies have reported some efficacy in critically ill COVID-19 patients with significantly elevated levels of IL-6 ([@bib48]; C. [@bib83], [@bib84]). A preliminary observational study conducted by Xu et al. offers promising results for tocilizumab therapy. Of the 21 critically ill COVID-19 patients who received tocilizumab (4--8 mg/kg body weight, 400 mg through an intravenous drip to a maximum of 800 mg), all patients experienced a rapid normalization of body temperature and a remarkable improvement of respiratory function with no reported adverse drug reactions. Researchers confirmed that 20 of the 21 patients fully recovered and were discharged within two weeks following tocilizumab treatment ([@bib80]). Motivated by these results, [@bib29] announced on March 23, 2020, that the FDA approved a randomized, double-blind, placebo-controlled phase III clinical trial to evaluate the efficacy and safety of tocilizumab in hospitalized patients with severe COVID-19. It plans to enroll 330 participants globally, with initial results by early summer of 2020 ("[@bib29]: Press Releases \| Monday, Mar 23, 2020,"; [@bib65]).

### 8.2.2. Interferons {#sec8.2.2}

Type 1 interferons (IFN-1) are a group of cytokines with non-specific antiviral and immunomodulatory properties. They are comprised α and β subtypes, among others (ε, ω, κ) ([@bib66]). Interferons -α (IFNα) and -β (IFNβ) have been suggested as candidates in COVID-19 pharmacotherapy ([@bib6]; [@bib50]; [@bib64]). Interferons bind to interferon-alpha/beta receptors (IFNAR) on the cell membrane, which phosphorylate STAT1 and other transcription factors. STAT1 translocates to the nucleus, where it activates interferon-stimulated genes (ISGs). Activated ISGs lead to immunomodulatory effects and interfere with viral replication ([Fig. 1](#fig1){ref-type="fig"} *.,* [Table 1](#tbl1){ref-type="table"}) ([@bib64]). IFNα and IFNβ are commonly investigated as combination therapy with ribavirin and or lopinavir-ritonavir ([@bib3]; [@bib67]; [@bib68]). It is difficult for researchers in these studies to determine if improvements are due to IFN-1 alone or due to the additional combination drugs. IFNα and IFNβ have differing degrees of coronavirus inhibition depending on potency. It has been reported that IFNβ has superior potency against coronaviruses compared to IFNα ([@bib14]; [@bib23]). Furthermore, IFNβ was suggested as the most appropriate IFN-1 subtype to treat COVID-19 in the early stages of infection. It has a protective effect in the lung by inducing secretion of anti-inflammatory adenosine and maintaining endothelial barriers ([@bib64]). However, in China, IFNα vapour (1 million U BID) in combination with ribavirin is recommended for COVID-19 patients ([@bib23]; [@bib47]). MERS-CoV and SARS-CoV are unresponsive to prophylactic IFN-1 administration, while SARS-CoV-2 has shown to be more sensitive ([@bib53]; [@bib68]; [@bib69]). This was confirmed by *in vitro* pre-treatment with INF-1 ([@bib46]). However, due to the lack of clinical trials investigating IFN-1 and the conflicting *in vitro* and animal studies, the use of interferons to treat COVID-19 is not currently recommended ([@bib67]; [@bib72]). In China, ongoing trials of IFN-1 in COVID-19 treatment is expected to reveal additional findings once published.

### 8.2.3. Plasma transfusions {#sec8.2.3}

Convalescent plasma has been widely used to improve the survival rate of patients during other coronavirus outbreaks, such as Influenza A, SARS-CoV, MERS-CoV, and Ebola virus ([@bib57]; [@bib59]; [@bib86]). Some blood centers have begun collecting plasma from patients who have recovered from COVID-19, with hopes that their plasma contains antibodies that are able to resolve the virus in infected individuals. Canadian Blood Services is taking part in CONCOR, a national trial aimed at testing the safety and efficacy of using COVID-19 convalescent plasma for treatment. To be eligible for donation, individuals must be younger than 67 years old, have a previously confirmed positive laboratory test for COVID-19, and be symptom free and fully recovered from the virus for at least 28 days ("[@bib21]). The therapeutic benefits of plasma transfusion therapy are suggested to be multifold, including the reduction of viremia, improvement of immune function in COVID-19 patients, and inhibition of cytokine storm formation ([@bib9]; Y. Chen et al., 2020). Although current data is limited, the available results are promising. Significant reductions in viral load, improvement of symptoms, and reduced mortality have all been demonstrated ([@bib57]). In a Chinese pilot study, nine patients who received convalescent plasma all showed improved clinical symptoms within three days. Increased amount of neutralizing antibody was found, with undetectable viral load in seven patients previously with viremia. No severe adverse effects were reported ([@bib24]). It is important to establish the timing of administration, as convalescent plasma may be most efficacious when used prophylactically or in the earlier stages of disease, shortly after symptom onset ([@bib9]; [@bib86]). Additional considerations include transfusion-related adverse effects, such as chills, fever, and anaphylactic reactions ([@bib86]). Based on the available data, the use of plasma transfusion therapy has shown promise for treating COVID-19. Further evidence is needed to prove its safety and efficacy.

8.3. Adjunctive agents {#sec8.3}
----------------------

### 8.3.1. Azithromycin {#sec8.3.1}

Azithromycin, a commonly used antibiotic, has been administered with hydroxychloroquine as a possible regimen to treat COVID-19. A multicentre retrospective cohort study of 1438 hospitalized patients tested the efficacy and adverse events of hydroxychloroquine and azithromycin taken together, compared to hydroxychloroquine alone, azithromycin alone, and a placebo control group. Results showed no significant difference in the experimental groups compared to the control group. Furthermore, it was suggested that the risk of cardiac arrest may be significantly higher in patients receiving both hydroxychloroquine and azithromycin (OR = 2.13) ([@bib60]). In a similar observational study, there was no evidence that combination of hydroxychloroquine and azithromycin decreased risk of death in COVID-19 patients, and risk of death was higher in patients taking hydroxychloroquine alone ([@bib49]). Due to the adverse cardiovascular effects observed in both hydroxychloroquine and azithromycin, clinical use of this combination requires baseline and follow-up ECG monitoring ([@bib4]; [@bib7]). A large observational study of nearly 15,000 hospitalized COVID-19 patients conducted by Mehra et al. found that administration of chloroquine or hydroxychloroquine with or without the addition of azithromycin was associated with an increased risk of in-hospital mortality (1 in 6 patients versus 1 in 11 patients in the control group). Researchers also observed an increased frequency of ventricular arrythmias in the experimental group (8%) compared to the control arm (0.3%) ([@bib52]). This study reveals a lack of benefit in treating COVID-19 patients with chloroquine or hydroxychloroquine either alone or in combination with azithromycin. Importantly, the study highlights the potential harms of administering these pharmacotherapies. There is an urgent need for data concluded from robust randomized clinical trials, as opposed to observational studies that have inherent bias and confounding variables ([@bib28]). Prospective randomized control trials of hydroxychloroquine with or without azithromycin are ongoing that will provide more definitive insight on its safety and efficacy in treating COVID-19 patients.

### 8.3.2. Corticosteroids {#sec8.3.2}

Corticosteroids, particularly methylprednisolone, has been suggested as an adjunctive agent in COVID-19 treatment. Corticosteroids have been widely used to treat severe pneumonia and prevent lung damage due their ability to suppress severe systemic inflammation ([@bib82]; [@bib87]). There is limited data to support the use of corticosteroids as a therapeutic agent in treating COVID-19. Numerous observational studies and systematic reviews for viral pneumonias, including SARS-CoV and MERS-CoV, have shown inconclusive clinical evidence ([@bib63]; [@bib81]). Furthermore, early administration of high dose corticosteroids may be potentially harmful, resulting in delayed viral clearance and increased mortality risk ([@bib87]). High dose corticosteroids have also been associated with severe bacterial infection and hypokalemia ([Table 1](#tbl1){ref-type="table"}) ([@bib81]). However, there is evidence that a specific subset of COVID-19 patients may benefit from corticosteroids. Low dose of corticosteroids may be therapeutic in patients with severe COVID-19 and other clinical indications, such as ARDS, sepsis, or septic shock ([@bib87]). The lack of direct evidence warrants caution when considering corticosteroid use for COVID-19 patients. Corticosteroid therapy should be evaluated on a case by case basis, with consideration of symptom severity, timing of intervention, dose, and duration of administration.

8.4. Miscellaneous agents {#sec8.4}
-------------------------

### 8.4.1. Camostat mesylate {#sec8.4.1}

Camostat mesylate, known as Foipan, was first developed in the 1980s in Japan for treatment of pancreatitis, oral squamous cell carcinoma, and dystrophic epidermolysis ([@bib51]; [@bib67]). Camostat mesylate is a protease inhibitor, effective against trypsin, plasmin, kallikrein, and thrombin ([@bib8]; [@bib19]; [@bib34]). It also inhibits the serine protease TMPRSS2 ([@bib34]; [@bib74]). Based on the current understanding of the SARS-CoV-2 infection mechanism, TMPRSS2 facilitates the activation of the viral S-protein and subsequent membrane fusion and entry ([@bib34]). This makes camostat mesylate a potential pharmacological agent to inhibit SARS-CoV-2 entry into host lung cells, preventing initial infection **(** [Fig. 1](#fig1){ref-type="fig"} **.)**. Camostat mesylate is available as a crystalline solid that can be dissolved in organic solvents ([@bib8]). Currently, there are no available recommendations for the use of camostat mesylate in COVID-19 patients. It has been suggested that camostat mesylate could be inhaled to directly target host lung cells ([@bib8]). Further research is needed, although studies have been started at the University of Tokyo and University of Aarhus in Denmark.

### 8.4.2. Angiotensin converting enzyme (ACE) inhibitors, Angiotensin-2 receptor blockers (ARB) {#sec8.4.2}

Hoffman et al. found that SARS-CoV-2 utilizes the ACE2 receptor for host cell entry, making it a potential target for COVID-19 pharmacotherapy ([@bib34]). This has stimulated debate within the scientific community, as some postulate that blocking ACE2 receptors with ACE inhibitors and ARBs may lead to poorer outcomes by upregulating the receptors and increasing viral entry ([@bib26]). Conflicting *in vitro* studies make it unclear whether these agents are therapeutic or harmful in COVID-19 patients ([@bib67]). However, a recent review concluded that many of the studies reporting an increase in ACE2 receptor expression use much higher doses of ACE inhibitors and ARBs compared to the therapeutic doses commonly administered to patients ([@bib70]). Data from human studies indicates that receptor expression is not increased with ACE inhibitor and ARB administration ([@bib70]). Further research is required to confirm the true effects in COVID-19 patients. Currently, it is recommended that patients with cardiovascular comorbidities continue taking ACE inhibitors and ARBs as prescribed ([@bib31]; "Patients taking ACE-i and ARBs who contract COVID-19 should continue treatment, unless otherwise advised by their physician \| American Heart Association," [@bib56]; [@bib61]; [@bib70]).

9. Conclusion {#sec9}
=============

The COVID-19 pandemic presents an immense challenge globally that has been met with a remarkable response through the rapid production of pharmacological research and clinical trials. The infection rates of COVID-19 are continually evolving, as are the potential therapeutic agents. At present, management is focused on case detection and monitoring, infection prevention, and supportive care. This review outlined COVID-19 epidemiology, clinical presentations, and mechanism of disease. Pharmacological agents such as anti-virals, immunomodulatory alternatives, miscellaneous agents, and vaccinations were discussed. There are currently no therapies that have been accepted as effective in treating COVID-19. Ongoing research continues to investigate the safety and efficacy of repurposed drugs, while SARS-CoV-2 vaccine trials are rapidly underway.
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[^1]: **Note**. The resulting adverse drug reactions and drug interactions are not exhaustive. See Lexicomp for complete list.

[^2]: Note. *There are currently no approved doses for treatment of COVID-19. Doses listed are for the approved indication(s) or clinical trials* ("Lexicomp for Dentistry," 2020, "Table 2b Characteristics of Potential Antiviral Agents \| Coronavirus Disease COVID-19," 2020; [@bib67]; [@bib82]).
